Active proton transfer through membrane proteins is accomplished by shifts in the acidity of internal amino acids, prosthetic groups, and water molecules. 
A proton translocating pathway comprises a chain of donors and acceptors. The acidity of these groups is influenced by their local environment. The heterogeneous matrix of a protein is able to modulate the acidity of protonatable amino acid side chains over a large range. Nearby charges, hydrogen bonding, and solvation determine the apparent pK a ¶ in a complex manner. Not surprisingly, the (apparent) acidity of a particular residue within a protein covers several orders of magnitude. Changes in the immediate vicinity of these residues will lead to shifts in pK a and, consequently, proton transfer can occur. If a particular residue is part of a hydrogen-bonded system, even long-range proton transfer is feasible. Functionally relevant conformational changes of membrane proteins can be triggered by ion gradients [e.g., in ATP-synthases (1), in lactose permease (2) , or in the phosphate transport protein (3) ], by electron transfer [as in photosynthetic reaction centers (4) or cytochrome c oxidase (5) ], or by light [as in rhodopsin (6) and bacteriorhodopsin (7)]. In all of these proteins, proton transfer reactions play a dominant role and glutamates or aspartates are the major players. Cycling between high and low pK a values of these residues was often referred to conceive proton pumping in membrane proteins.
It is obvious that the determination of pK a values in the resting as well as in intermediate states is the basis of a detailed understanding of proton transfer within proteins. Theoretical calculations on membrane proteins (8) (9) (10) can give only a qualitative picture of the acidity of internal amino acids. Quantitative results mostly suffer from the uncertainty in the protein dielectric constant (11) . Evidently, an experimental method is required that is sensitive to the protonation state of single amino acid side chains. Infrared difference spectroscopy, in which single group vibrations are observable, has proven to deliver major contributions to the understanding of proton transfer in several membrane proteins (for reviews see refs. 12 and 13). With the extension of attenuated total reflection (ATR), infrared spectroscopy in excess water is feasible, allowing precise control of external parameters such as ionic strength, pH, and temperature. In this way, pK a values of the ground state of a protein can be determined. Recently, we have demonstrated that the combination of ATR with the step-scan technique provides Fourier-transform infrared (FT-IR) spectra with microsecond time resolution and high signalto-noise ratio (14, 15) . By these means, it is possible to determine in situ changes in pK a of relevant amino acid side chains during protein action.
We used the membrane protein bacteriorhodopsin (BR) (7) as a model system for light-driven proton transport. The first proton transfer process takes place in about 50 s, when the retinal Schiff base donates its proton to D85 (16) . In the terminology derived from visible spectroscopy this reaction corresponds to the L-M transition. D85 stays protonated and another proton is released to the extracellular membrane surface (17) . The close temporal coupling between the deprotonation reaction of the Schiff base and the proton release to the membrane surface already suggests a long-distance interaction between D85 and the group releasing the proton. Initially, E204 was proposed to be the proton release group (9, The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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During the following transition from the M to the N intermediate the Schiff base is reprotonated by D96 (24, 25) . The molecular details of the subsequent proton transfer from the cytoplasmic surface to D96 in the N-to-O step are still obscure, although D38 was shown to be involved (26) . The capture of protons from the cell interior is facilitated by a cluster of acidic residues along the cytoplasmic surface (26) (27) (28) . Finally, deprotonation of D85 during O decay (15, 25) completes the proton cycle of BR.
Acid͞base equilibria affect a variety of molecular reactions of BR. For example, the L-M transition is accelerated at alkaline pH (15, 29) . At low pH the O intermediate is accumulated, whereas the lifetime of the N intermediate is prolonged at high pH (15, (30) (31) (32) . The sequence of proton release and uptake is reversed at a pH lower than 6 [late proton release (33, 34) ]. This effect was ascribed to the downshift of the pK a of the proton release group from 9.5 in the unphotolyzed state (35, 36) to 5.8 in M (19) . It was also suggested that the subsequent proton transfer from D96 to the Schiff base is driven by a decrease in the pK a of D96 (37) . Up to now, direct evidence for pK a changes on the single-residue level was missing. In this report, we determined the pK a of D96 to be 7.1 (Ϯ0. 
MATERIALS AND METHODS
Purple membrane (PM) from Halobacterium salinarum strain S9 (38) and the single-site mutants E194Q and E204Q were prepared as described (26) . To obtain the double mutant E9Q͞E74Q and the quadruple mutant E9Q͞E74Q͞E194Q͞ E204Q, oligonucleotide-directed mutagenesis was performed by PCR. The mutant bacterioopsin gene was introduced into H. salinarum strain L33 by using the shuttle vector pXL Nov R , which contains a sequence resulting in resistance to novobiocin.
Sample preparation and technical details of time-resolved ATR͞FT-IR difference spectroscopy (time resolution 5 s) have been reported previously (14, 15) . Purple membrane suspension was slowly dried on either a ZnSe or a ZnS internal reflection element (IRE). After the IRE had been mounted into an appropriate holder the sample was covered with 2 ml of aqueous solution containing 1 M KCl and 25 mM buffer (citrate, phosphate, or carbonate for the respective pH). All experiments were done at 20°C but the M-BR difference spectrum of the quadruple mutant was obtained at Ϫ18°C under continuous illumination with yellow light ( Ͼ 515 nm). FT-IR measurements were performed on a Bruker IFS 66v spectrometer (spectral resolution 4.5 cm Ϫ1 ) equipped with the step-scan option and an ''out-of-compartment'' ATR accessory. The sample was flashed by a Nd:YAG laser (neodymium yttrium aluminum garnet; frequency-doubled output at 532 nm, pulse duration 8 ns, excitation energy 3 mJ͞cm 2 ). A three-dimensional data set is obtained with the temporal evolution of the difference spectra in the range from 1950 to 1000 cm
Ϫ1
.
RESULTS
pK a of D96 in N. The reprotonation of the retinal Schiff base of BR is accomplished by the aspartic acid at position 96 (D96) (24, 25) . This proton transfer reaction, which takes place during the M-N transition, is detectable by a negative band at 1741 cm Ϫ1 caused by the depleted CAO stretching vibration of the protonated D96 in the BR ground state (39) . However, this band develops only at elevated pH, as can be deduced from N͞O-BR difference spectra at various external pH values (Fig.  1 ). This is more evident when kinetic traces at 1741 cm Ϫ1 at different pH values are displayed (Fig. 2) . Negative absorbance changes at the end of the photoreaction (millisecond time range) arise from the deprotonation of D96. Plotting the maximum amplitude against the pH and fitting with a function derived from the Henderson-Hasselbalch equation results in a pK a of 7.1 Ϯ 0.2 ( Fig. 3 ). This procedure of extracting the dissociation degree of a single amino acid side chain from time-resolved experiments yields in situ the pK a of D96 in the N intermediate. The increase in acidity renders D96 to be the suitable proton donor for the Schiff base. Absorbance changes at 1741 cm Ϫ1 in the microsecond time domain (Fig. 2) have been attributed to a frequency shift caused by environmental changes in the vicinity of D96 and of D115, respectively, during the lifetime of the L intermediate (39) . The pH dependence of the amplitude directly reflects the pH-dependent L-M equilibrium. At alkaline pH, M formation is accelerated, leading to a lower transient accumulation of the L intermediate (15, 29) .
Concomitantly with depletion of the CAO stretch of D96 in N, positive bands caused by the symmetric and asymmetric COO Ϫ stretching vibration are expected. However, assignment of these carboxylate stretches is hampered by the fact that overlap with other bands is strong at the frequencies of these vibrations. Fig. 1 shows that the band feature around 1400 cm Ϫ1 is composed of (at least) two bands. It is known that the coupled vibration of the C 15 OH and NOH in-plane bending modes of the 13-cis chromophore has absorption at 1395 cm Ϫ1 (40) . The only band that exhibits pH-dependent behavior in this spectral region is the shoulder at 1402 cm Ϫ1 when scaled with the band at 1395 cm Ϫ1 which is present in N as well as in (Fig. 3 ). Considering the small amplitude, this value is close to the result derived for the band at 1741 cm
Ϫ1
. Therefore, we favor the assignment of the symmetric carboxylic vibration of D96 to the shoulder at 1402 cm Ϫ1 . This result confirms the assignment obtained by 13 C labeling of BR (41) . Transient absorbance changes at typical wavenumbers for the N and O intermediates, respectively, can be analogously evaluated. pH Dependence of the M State. Early proton release from BR occurs during the transition from the L to the M intermediate. Because D85, the primary acceptor of the Schiff base proton, stays protonated until the latest stage of the photocycle, the proton must be released from another site. This group is expected to transiently lower its pK a from 9 down to 5.8 (19) . This scenario of pK a shuffling is supposed to be similar to the reprotonation reaction of the Schiff base by D96. However, the terminal proton release group has not been unambiguously identified yet. Because the amplitude of the band might be small we used the variation of external pH as an additional criterion. The rationale is that a difference band from the proton release group is expected to appear at pH Ͼ pK a . Below this pH no such band should be detectable in the M intermediate.
Time (Fig. 6 ). Since the frequency of the CAO stretching vibration is a relative measure for the acidity of the respective group (43), the pK a of D85 in M is lowered by raising the external pH above 5.2 (in 1 M KCl). This drop in pK a is a direct consequence of the titration of a yet-unidentified group that interacts with D85 in M. It might reflect the deprotonation of the proton-release group. If the proton-release group is an acidic amino acid side chain, then the CAO stretching vibration of the presumed aspartic or glutamic acid should appear as a negative band in the M-BR difference spectra. However, at pH Ͼ 5.2 no such additional band is detectable (Fig. 5 ). This is particularly obvious when comparing with spectra at pH Ͻ 5.2. It is straightforward to conclude from these experiments that there are no detectable protonation changes of other carboxylic residues during the lifetime of the M intermediate besides D85. Although difference bands might be small and masked by other bands, the applied change in external pH should reveal bands from groups that are shifted in pK a during the photocycle.
To further support this finding, each of the glutamates at the extracellular side of BR has been conservatively changed to the nonprotonatable glutamine. There are no aspartates at the extracellular surface of BR. Fig. 7 depicts time-resolved M-BR difference spectra of the carbonyl region of the single-site mutants E194Q and E204Q, the double mutant E9Q͞E74Q, and the quadruple mutant E9Q͞E74Q͞E194Q͞E204Q (E4Q). It is obvious that none of the mutants exhibit significant deviation from the wild-type difference spectra (compare with Fig. 5 ). The broad negative absorption in the range of 1745-1710 cm Ϫ1 in the spectrum of the E194Q mutant is within noise and will not be discussed. The only significant difference among the displayed spectra is the negative band at 1692 cm Ϫ1 that is less pronounced in the E204Q and the quadruple mutant. We concluded in a previous study that the deviation from the wild type can be ascribed to an interaction of the side chain of E204 with the protein backbone (15) . Detailed inspection of Fig. 7 reveals that in the E204Q as well as in the E194Q mutant the CAO stretch of D85 absorbs at 1762 cm Ϫ1 (pH 7.4). The frequency corresponds to the wild-type protein if the pH is below 5.2-i.e., when late proton release occurs. This confirms the above finding that late proton release is always accompanied by an elevated pK a of D85. As a matter of fact, replacing E194 or E204 with Q alters the frequency of the CAO stretch of D85, pointing toward a long-range interaction of these residues during the M state. In the M-BR spectrum of the double mutant E9Q͞E74Q, however, the CAO stretch peaks at 1760 cm Ϫ1 -i.e., identical to the wild type. This corroborates the finding that the kinetics of the photocycle, as determined both in the infrared and in the visible wavelength range (data not shown), are identical to those in the wild type. Proton release into the surrounding bulk water phase as detected with the pH indicator pyranine (17) , is also indistinguishable from the wild-type BR (not shown). All of these experiments provide sufficient evidence to rule out any participation of E9 as well as of E74 in the proton transfer reactions of BR. The difference spectrum of the quadruple mutant E9Q͞E74Q͞E194Q͞E204Q (E4Q in Fig. 7 ) was recorded under continuous illumination at low temperature.
Step-scan experiments are impractical because of the very long photocycle observed with this mutant. The quadruple mutant exhibits spectral features very similar to those of the single-site mutant E204Q-i.e., besides the frequency shift of the CAO stretch of D85 and the smaller amide I difference band at 1692 cm
, there are no other significant changes observable. (Fig. 4) , M-BR difference spectra have been extracted from time-resolved experiments at 400 s after the flash. The bottom spectrum is a steady-state M-BR difference spectrum of the quadruple mutant E9Q͞E74Q͞E194Q͞E204Q (E4Q) taken at Ϫ18°C, pH 7, under continuous illumination with yellow light and the dark state as reference. 
DISCUSSION
Infrared spectroscopy is a very sensitive tool to detect changes in the protonation state of amino acid side chains. Determination of the pK a of a particular residue in the resting state of a protein can be accomplished by steady-state pH titration with the ATR technique (44) . Moreover, protonation changes of single amino acids can be monitored by IR spectroscopy even on fast time scales. In the present study we have integrated these two advantages to quantify the change in acidity of a single residue of a proton pump.
Change of the pK a of D96. Time-resolved ATR͞FT-IR experiments at different pH values allowed in situ determination of the change in pK a of an essential amino acid of the proton transfer cascade of BR. The pK a of D96, the internal proton donor of the retinal Schiff base, appears to be at 7.1 Ϯ 0.2 during the lifetime of the N intermediate. However, since the existence of a protonation equilibrium between D96 and the cytoplasmic bulk solution has not been fully established on a 7-ms time scale, it is quite possible that the true pK a is somewhat higher than 7.1 because of rate-limiting reprotonation. In the unphotolyzed state the pK a of D96 is at 11.4 (44) or Ͼ12 (C.Z. and J.H., unpublished results). Hence, the apparent decrease in proton affinity of D96 by about 4 pH units corresponds to an energy of more than 23 kJ͞mol.
All of the available structural models of the ground state of BR (23, 28, (45) (46) (47) suggest that the reason for the exceptionally high pK a is the very hydrophobic vicinity of D96. It is surrounded by a leucine barrel (L95, L97, L100, and L223) with two phenylalanines (F42 and F219) covering the barrel. The limited solvent accessibility is probably caused by F42, which shields D96 from the cytoplasmic surface. Structural changes, such as slight kinking or tilting of one or more helices during protein activity (48) (49) (50) , may allow water to diffuse into this part of the protein. In agreement, the largest changes in the amide bands are observed during the N state (15, 40) . The penetrating water molecules might hydrate the COOH group and thereby lower the pK a of D96. The transient movement of charges or potential hydrogen-binding partners into the vicinity of D96 evoked by the aforementioned structural changes of the protein backbone can also account for the large drop in pK a . A substantial influence of the Schiff base on the deprotonation reaction of D96 in wild-type BR can be excluded by considering experiments on the D212N mutant (37) . There, deprotonation of D96 takes place despite the fact that the Schiff base is protonated throughout the photoreaction.
ʈ Nevertheless, in the N intermediate of the wild type the pK a of the Schiff base has to be higher than that of D96 to represent an efficient proton acceptor.
The coincidence of the pK a of D96 in N and the pH dependence of the N-O equilibrium (Fig. 3) suggests that the protonation state of D96 controls the N-to-O transition. The decay of the N state is fast as long as the pH is lower than the pK a of D96 in N because reprotonation of D96 from the bulk aqueous medium is not hampered. At higher pH values the reprotonation kinetics of D96 depend on the proton concentration. If the reprotonation reaction of D96 limits N decay, the lifetime of N should increase with increasing pH, which is indeed observed. Assuming that the time constant of the O decay is about the same at neutral and high pH, the lifetime of N exceeds that of the O intermediate at alkaline pH and hence only the N state is observed (15) . There is no evidence for an increase of the lifetime of O with increasing pH. In contrast, it is plausible that O decay is slow at low pH because the proton-release group is protonated at pH Ͻ 5.2-i.e., the acceptor site of the proton from D85 is occupied. Nevertheless, this is not expected to block proton transfer from D85 to the extracellular medium. However, this effect may be less temperature dependent than the events occurring in the N-to-O reaction (reprotonation of D96, reset of the change of the protein tertiary structure, reisomerization of retinal to alltrans). Therefore, at elevated temperatures decay of N is stronger accelerated than the O-to-BR reaction and the transient concentration of O is higher at elevated temperatures as observed by time-resolved ATR͞FT-IR spectroscopy (15) .
Proton Release. Proton release to the extracellular membrane surface is initiated by proton transfer from the Schiff base to D85. This acid͞base reaction occurs during the L-to-M transition. Protonation of D85 is observable by the appearance of the CAO stretching vibration absorbing at 1760 cm
Ϫ1
. The concomitant depletion of the COO Ϫ vibration of D85 is not detectable at low and medium pH because of strong spectral overlap with mainly in-plane vibrations of intermediates with protonated 13-cis-retinal-i.e., the L and the N intermediate. At high pH values, however, a pure M state transiently accumulates (15) and the kinetics of the depletion of the symmetric carboxylate stretch can be determined. Only at 1385 cm Ϫ1 does the time constant for the protonation tally with that at 1760 cm Ϫ1 (data not shown). By these means, we are able to confirm the assignment by Fahmy et al. (51) shift is calculated to be at 5.2 Ϯ 0.3. This shift is smaller than the downshift to 1755 cm Ϫ1 during the subsequent transition to the intermediates N and O, respectively. Nevertheless, it is well reproducible, and spectral contributions from other intermediates can be ruled out because bands above 1755 cm Ϫ1 do not appear in L, N, or O (15).
The up-shifted frequency is indicative for a slight decrease in the dielectric constant of the environment of D85 at low pH (43) . Obviously, a group is titrated that interacts with D85 either directly or indirectly via an induced change in protein conformation. Good candidates for this group are E194 and E204, which were proposed to be members of the protonrelease chain (18, 22) . In fact, in M-BR difference spectra of the E194Q and E204Q mutants, the CAO stretch of D85 peaks at 1762 cm Ϫ1 at pH 7-i.e., at the same frequency as wild-type BR at pH Ͻ 5.2. This corroborates with late proton release in these mutants as well as in the wild type at low pH. The transition from early to late proton release was determined to be 5.8 at an ionic strength of 0.15 M (19). This finding is in accord with the transition of the frequency shift of the CAO stretch of D85 because we have used a much higher salt concentration (1 M KCl) that compensates for surface charge effects. In other words, the frequency of the CAO stretch of D85 is an indicator for early and late proton release, respectively. The frequency shift of the CAO stretching vibration is evidence for a long-range interaction of D85 with E194 as well as with E204. Both of the glutamates are located close to the extracellular membrane surface. According to the structural models (23, (45) (46) (47) , the distance from D85 to E194 and E204 is in the order of 13-16 Å. Such a long-range interaction is not uncommon in energy-transducing proteins. For example, it was also observed in the photosynthetic reaction center, where Q A Ϫ and E212 interact electrostatically over a distance of 17 Å (4).
Deprotonation of the proton release group of BR in the L-to-M transition will result in vibrational bands due to this group in the M-BR difference spectrum. At pH values below 5, proton release is delayed to the latest stages of the photocycle and the temporal sequence of proton release and uptake ʈ Contrary to the wild type, the proton of D96 is released into the cytoplasm in the D212N mutant (37) .
is reversed (33, 34) . Therefore, comparison of M-BR differences at pH values below and above 6 should lead to identification of the bands of the proton-release group. However, no changes in the carbonyl region are observed (Fig. 5) . Brown et al. (18) suggested that a small negative band in the M-BR difference spectrum at 1700 cm Ϫ1 in H 2 O (which is shifted to 1690 cm Ϫ1 in D 2 O) is caused by the deprotonation of E204. Although our data provide sufficient signal-to-noise ratio, a difference band at 1700 cm Ϫ1 is not detectable even though spectra below and above the pK a of the proton release group are compared.
Comparing wild-type M-BR difference spectra with those of the point mutants E194Q and E204Q also did not show any changes in the band pattern of the carbonyl region (Fig. 7) . We conclude that either none of these residues represent the terminal proton-release group or the terminal proton-release group is very rapidly reprotonated from another site. This can be accomplished by a dyad comprising E194 and E204, where the proton to be released is shared between these residues (47). Water molecules, which have been included into the structural models (23, 46) , are also good candidates for the terminal proton-release group. Nevertheless, both E194 and E204 do play an important role in the proton-release cascade, which is exemplified by the delayed proton release in the E194Q mutant as well as in E204Q (21, 22) . We agree with Rammelsberg et al. (20) that the time-resolved FT-IR difference spectra give no evidence for a change in the carboxylic vibrations of E204 during the L-to-M reaction. With the presented data we can now extend this argument to E194. Besides E194 and E204, the only acidic amino acids along the extracellular surface of BR are E9 and E74. The double mutant E9Q͞E74Q exhibits an M-BR difference spectrum that is identical to the wild type (Fig. 7) . Since the kinetics of photoand proton-cycle are also not altered, these two residues are definitely excluded from representing the terminal protonrelease site.
Although a definite conclusion has not been reached, we favor the interpretation of Rammelsberg et al. (20) that proton release occurs from a hydrogen-bonded network. Our results point to the participation of both E194 and E204 in the extracellular hydrogen-bonded network but exclude E9 and E74.
